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INTRODUCTION
Gibberella fujikuroi (Sawada) S. Ito is a teleomorph for many species of anamorphs of Fusarium section Liseola. This species complex includes at least 11 different reproductively isolated biological species or mating populations (MPs) denoted by letters A through K: MP-A (G. moniliformis, anamorph F. verticillioides), MP-B (G. sacchari, anamorph F. sacchari) , MP-C (G. fujikuroi, anamorph F. fujikuroi) , MP-D (G. intermedia, anamorph F. proliferatum) , MP-E (G. subglutinans, anamorph F. subglutinans) , MP-F (G. thapsina, anamorph F. thapsinum) , MP-G (G. nygamai, anamorph F. nygamai) , MP-H (G. circinata, anamorph F. circinatum) , MP-I (G. konza, anamorph F. konzum) , MP-J (G. gaditjirrii, anamorph F. gaditjirrii) and MP-K (G. xylarioides, anamorph F. xylarioides) (MORETTI, 2009) .
In Serbia, four Fusarium species in the section Liseola were identified in numerous plant species including small and millet grains, industrial, medicinal and ornamental plants, weeds and others. F. verticillioids was identified in over 30 plants, F. proliferatum in 19, F. suglutinans in 11 and F. thapsinum in one plant species (LEVIĆ, 2008) . Species F. verticillioides and F. subglutinans dominated on maize (LEVIĆ et al., 1997 (LEVIĆ et al., , 2009 (LEVIĆ et al., , 2012a , F. proliferatum on wheat (LEVIĆ et al., 2012b; STANKOVIĆ et al., 2007b) and barley (LEVIĆ et al., 2012b) , while F. thapsinum dominated on sorghum (LEVIĆ et al., 2009 ). The frequency of F. subglutinans and F. verticillioides has changed in the last 15 years. These changes were pronounced in reduced incidence of F. subglutinans and increased incidence of F. verticillioides (LEVIĆ et al., 1997 (LEVIĆ et al., , 2012a . Fusarium species can cause stand reduction, poor grain quality (LEVIĆ, 2000; DESJARDINS et al., 2006; KRNJAJA et al., 2011) and is a potential threat to human and animal health, as some isolates belonging to these species produce fumonisin (LEVIĆ et al., 2004; STANKOVIĆ et al., 2008 STANKOVIĆ et al., , 2012 TANČIĆ et al., 2012) . Despite of the agricultural impacts on Fusarium species in Serbia, there is a lack of information on the genetic characterisation of these species on the basis of fertility and mating types (STANKOVIĆ et al., 2007a, b; KRNJAJA et al., 2012) .
The goal of this study was to assess the fertility status and the mating type distribution of Fusarium species belonging to the section Liseola by crossing the field isolates to standard testers of the G. fujikuroi species complex.
MATERIALS AND METHODS

Fungal isolates
Seventy nine monospore cultures of Fusarium spp. in the section Liseola were tested for these studies. Of these 79 isolates, 22, 48 and 9 isolated from grains of maize (Zea mays L.), sorghum (Sorghum bicolor (L.) Moench.) and wheat (Triticum aestivum L.), respectively, collected in the period from 1993 to 2004. Two standard tester strains, MAT-1 and MAT-2, from each of the four mating populations were used to determine a mating type and female fertility of selected isolates. Standard tester strains were from Italy (Institute of Science of Food Products CNR, Bari): MATA-1 (1) (3621), MATA-2 (1) (3622), MATD-1(1) (3628), MATD-2 (1) (3627), MATE-1 (1) (3629), MATE-2 (1) (3630), MATF-1 (1) (3632) and MATF-2 (1) (3631), and from Australia (Fusarium Research Laboratory, Department of Crop Science, University of Sydney): (Q 25) and MATF-2(2) (Q 24).
Crosses
A modified mating population (MP) technique (KLITTICH and LESLIE, 1988 ) was used to determine the affiliation of selected isolates with a mating population of the G. fujikuroi species complex. Standard testers, used as female parents (♀), were incubated on carrot agar (CA) in Petri dishes at 20ºC in the dark for 7 days. Selected field isolates, used as male parents (♂), were incubated on the carnation leaf agar (CLA) slant in a test tube, instead of culturing on a complete medium (CM) recommended by KLITTICH and LESLIE (1988) . Cultures of male parents were maintained under the alternating fluorescent and near ultra violet (NUV) light and with a 12-h-12-h day-night cycle. CLA was prepared by using the laboratory manual of BURGESS et al. (1994) .
Three to five ml of sterile distilled water were added to the test tube with the developed culture of male parent isolates. To obtain a dense suspension, a mycelium and spores were separated from the medium by a spatula. A spore suspension of a male parent was poured over a tester colony (♀) developed in the Petri dish and was carefully distributed by the spatula over the entire surface. Crossed cultures were grown under the alternating fluorescent and NUV light and with a 12-h-12-h day-night cycle for 4 to 6 weeks.
Reciprocal crosses, a tester as a male parent and an isolate as a female parent, were also performed. The procedure was identical as in the fertility determination of the male parent or the tested isolate. If in both cases an isolate formed perithecia or a fertile progeny interspecies cross was performed, that is, a same isolate was used for both female and male parents.
After two weeks, at weekly intervals, cultures of crossed testers and isolates were examined under the stereomicroscope to determine the fertility of progenies. The average biometric values were obtained after 10 perithecia, 30 asci and 30 ascospores of each isolate were measured in two replicates. Total of 1600 perithecia, 4800 asci and 4800 ascospores were measured.
Data analysis
The concept of the effective population size was applied in studies of population genetics of species of the genus Fusarium. The effective population size [N e ] in the G. fujikuroi species complex was determined on the basis of: (a) number of strains of different mating types [N e(mt) ], expressed as a percentage of the actual count, and (b) number of male and hermaphrodite strains [N e(f) ], expressed as a percentage of the actual count (LESLIE and KLEIN, 1996; BRITZ et al., 1998) . 
RESULTS
Crosses
The progeny was fertile when ascospore-oozing perithecia were observed. The progeny was not considered fertile when ascospores oozed out of only 1-3 perithecia or if small perithecia mostly covered with mycelium were formed.
Of 22 isolates originating from Serbian maize, eight were assigned to A, six to D and eight to E mating population of G. fujikuroi species complex (Table 1 , 2). Out of 10 isolates from wheat, seven were assigned to D and two to E mating population of this species. Furthermore, out of 48 isolates originating from sorghum, 12 were assigned to A, nine to D, seven to E and 20 to F mating population. Of 20 field isolates originating from grain of maize (eight isolates) and sorghum (12 isolates) belonging to the population A of G. fujikuroi, the majority successfully produced fertile progenies with testers originating from Italy, and only six isolates with testers originating from Australia (Table 1 , 2). Among 20 isolates mating types MATA-1 and MATA-2 segregated in the 14:6 ratio, resulting in the reduction of N e(mt) to 84.0% of the actual count (total population) ( Table 3) . One isolate was hermaphrodite (Table 1 ) resulting in N e(f) of 18.14% of the actual count (Table 3 ). All isolates were female-sterile and male-fertile, except the isolate MRIZP 121, isolating from maize, which was hermaphrodite. Based on self-crossing it was determined that this isolate was heterothallic. Field isolates originating from grain of maize (six isolates), sorghum (nine isolates) and wheat (seven isolates), belonging to the population D formed mature perithecia with testers originating from Italy, but not with testers for this population originating from Australia (Table  1) . Within this population, the MATD-1 to MATD-2 ratio was 13:9, resulting in the reduction of N e(mt) to 96.69% of the actual count. Among 22 fertile isolates of the population D, one isolate was hermaphrodite resulting in N e(f) of 16.60% of the actual count (Table 3) . It was confirmed by reciprocal crossing that all isolates were female-sterile and male-fertile, apart from the isolate MRIZP 441, which produced fertile progeny either as a female or a male parent with the tester MATD-1 (3628). This isolate produced sterile progeny in self-crossing.
Seventeen field isolates, originating from grain of maize (eight isolates), sorghum (seven isolates) and wheat (two isolates) that belonged to the population E, produced fertile progeny only with testers originating from Australia and none with testers from Italy (Table 2) . Among 17 isolates of the population E, mating types MATE-1 and MATE-2 segregated in the 10:7 ratio, resulting in the reduction of N e(mt) to 96.89% of the actual count (Table 3) . Reciprocal crosses showed that 16 isolates were female-sterile and male-fertile, while one isolate (MRIZP 424), originating from sorghum, was hermaphrodite. The determination of hermaphrodites resulted in N e(f) of 20.84% of the actual count.
Of 20 isolates, originating from sorghum grain, the majority (16 isolates) produced fertile progeny in crosses with testers of the population F, originating from Australia, while only four isolates formed mature perithecia in crosses with mating types of this population originating from Italy (Table 2) . A great difference in segregation of mating types MATE-1 and MATE-2 (6:14) resulted in the reduction of N e(mt) to 84.00% of the actual count (Table 3) . Reciprocal crosses showed that all tested filed isolates were female-sterile and male-fertile. Fertile progenies were produced in both isolates with yellow pigment and isolates without this pigment in the PDA culture, but with culture properties similar to those produced by isolates of the population A.
Biometric values of mating population
Fertile progenies of all four populations (A, D, F and E) formed round or ovoid blueblack perithecia on the substrate surface either individually or in groups of a few. Asci were pellucid, ellipsoidal or clavate, mainly with 8 and rarely with 4-6 hyaline, mostly 1-and sometimes 2-3-septate ascospores, which were straight gently tapering towards septa.
On the whole, smaller perithecia were produced by isolates of the population F or G. thapsina, while the largest perithecia with the greatest variation were produced by isolates of the population D or G. intermedia (Table 4) . Biometric values of perithecia for the population E or G. subglutinans were somewhat greater than the values of perithecia for the population A or G. moniliformis. The ascus sizes were approximately equal for populations A, D and F, while the greatest departure from them was shown by the population E. The smallest ascospores were formed by isolates that belonged to the population D, while almost the same values were observed in populations A, F and E. DISCUSSION The application of the MP technique showed that populations A, D, E, and F in the G. fujikuroi species complex existed in Serbia. The population A isolated from both, maize and sorghum, the populations D and E isolated from maize, sorghum and wheat, while the population F isolated only from sorghum.
The domination of a mating type depends on environments, ecological niche within which each biological species develops, hosts and a year (LESLIE, 1995; KIM et al., 2012) . In nature, one mating type and female-sterile but male-fertile individuals within a certain population of the G. fujikuroi species complex dominate. Less common are cases that mating types segregate in the equal ratio that follows a Mendelian ratio of 1:1 (CHULZE et al., 2000; CUMAGUN, 2007) .
This study showed the domination of mating type MAT-1 in populations A, D and E isolating from maize and A isolating from sorghum in Serbia. On other hand, MAT-2 dominated in populations D, E and F isolating from sorghum. Similar results for populations A, D, and F isolating from sorghum were obtained in Korea (LIM et al., 2001) and for the population A isolating from sorghum in Brazil (SILVA et al., 2006) . Domination of MAT-1 isolating from maize was found in Egypt (SABET et al., 2006) and Iran (MOHAMMADIAN et al., 2011) . Contrarily, MAT-2 was more frequency than MAT-1 isolating from maize in Brazil (SILVA et al., 2006) .
Variation of distribution of one mating type has been determined within one country (CHULZE et al., 2000; REYNOSO et al., 2006) . Data obtained in the present study point out to the dominance of MAT-1 in the population D isolating from maize. But, data presented by other Serbian authors indicate the dominance of MAT-2 in this population isolating from maize (STANKOVIĆ et al., 2007a; KRNJAJA et al., 2012) and onion (STANKOVIĆ et al., 2007c) . In Korea, KIM et al. (2012) gained different results on the frequency of a mating type pair in the populations A, D and E over years and hosts.
Of 20 isolates in the population A only one hermaphrodite was identified, which resulted in N e(f) (male/hermaphrodite polymorphism) of 18.14% of the actual count. Contrary to this, DANIELSEN et al. (1998) in Costa Rica found that this parameter amounted to 98% due to a higher frequency of hermaphrodites. REYNOSO et al. (2006) in Argentina and SABET et al. (2006) in Egypt identified a greater number of hermaphrodites not only in the population A, but also in the population D.
Unlike LIM et al. (2001) , who estimated a relatively high frequency of hermaphrodites in the population F, especially in the mating type MAT-1, we did not identify any hermaphrodite in our study. Therefore, N e(f) and N e (v) in the population F were 0 and 100% of the actual count, respectively. According to BRITZ et al. (1998) if the population is relatively recent and has not yet reached equilibrium, then it is likely that the number of hermaphrodites would continue to fall and if eliminated completely from the population could lead to a totally asexual population and an evolutionary dead end. It was similar in our study, because the population F was identified in Serbia for the first time in 2004 (LEVIĆ et al., 2006 . Furthermore, LESLIE and KLEIN (1996) point out that the relative rarity of sexual reproduction may permit female-sterile strains to accumulate to a level such that local populations could form new species or subspecies as a result of their isolation. BRITZ et al. (1998) considered that monitoring the population by sampling it on a yearly basis should be replaced by the analysis of samples recovered over a period of 10 years or more.
In nature, only the population A (anamorph F. verticillioides) of four populations (A, D, E and F) forms perithecia (SUMMERELL et al., 1998) . However, in Serbia such possibilities are limited, because there is only one hermaphrodite that functions as both parents, female and male, while the remaining members of this population are female-sterile and male-fertile strains. Obtained data indicate that in Serbia asexual reproduction will prevail in all four species that belong to the populations A, D, E or F of G. fujikuroi species complex.
Gained results on biometric values of anamorph of Gibberella point out to small differences in appearance of fruiting bodies, asci and ascopsores among four tested species. Perithecia are black on the medium, while they are bluish on the native preparation. Peridia are scabrous or warty. Biometric values also point out to small differences. The appearance, structure and values of perithecia, asci and ascospore of isolates that were identified as G. moniliformis, G. intermedia and G. subglutinans are in accordance with the data presented for the same species by KUHLMAN (1982) . There are certain differences as KUHLMAN (1982) states that the first two species formed 4-septate ascospores, as well as that 3-septate ascospores prevailed in these species. Although obtained biometric values of the G. thapsina isolates significantly varied in comparison with results on the same species published by KLITTICH et al. (1997) , the average values were very similar.
The use of two different sources of standard testers for one mating type provided various results regarding progeny fertility in crosses with field isolates originating from Serbia. Isolates assigned to the population D produced fertile progeny only with the standard tester pair (MATE-1 and MATE-2) from Italy, while population E isolates produced fertile progeny only with the standard tester pair from Australia. The isolates from other two mating populations (A and F) produced fertile progeny with one standard tester pair (from Italy) or with another standard tester pair (from Australia). These differences may be the result of the existence of cryptic species within morphologically similar isolates. STEENKAMP et al. (2002) revealed the presence of two major groups representing cryptic species in F. subglutinans. Described Group 1 of F. subglutinans corresponds to the F. temperatum, and the F. subglutinans strictly circumscribes the second group, namely F. subglutinans Group 2 (SCAUFLAIRE et al., 2012) .
In conclusion, the MP technique was found to be useful in assisting the correct identification of Fusarium species section Liseola, especially of F. thapsinum, species morphologically closely related to F. verticillioides. Furthermore, obtained results indicate that the mating populations of G. fujikuroi present in Serbia (A, D, E and F) show a low potential of genetic recombination in the field. Future research should be undertaken to elucidate the possible presence of cryptic species when standard tester isolates are used for the same mating type and mating population but of geographically diverse backgrounds. In addition, these testers and field isolates should be studied at the molecular level.
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